ABSTRACT: A theoretical analysis of the selective catalytic reduction (SCR) process is presented to assist in the selection of a catalyst for efficient control of NO. from flue gases. It is a two-dimensional (2D) numerical model accounting for the simultaneous effects of external diffusion and catalytic chemical kinetics. Experimental data of SCR performance employing different types of catalysts are taken from the literature and analyzed for their NH 3 adsorption constant and effective-rate constant. The catalysts' characteristics are then used to predict their SCR performance. Good agreement is obtained between model results and experimental observations on the NO removals. The activites of the catalysts are compared and strategies affecting SCR performance are discussed. It is shown that the effective reaction rate of a catalyst is the key parameter influencing its activity. The catalyst preparation procedure as well as the V 2 0 5 content are important for determining its NO removal rate.
INTRODUCTION
The selective catalytic reduction (SCR) process is a widely used flue gas treatment technology. Many SCR devices have been installed and operated in the United States, Japan, Germany, Taiwan, and other countries. Its nitrogen oxides (NO.) removal efficiency is the highest among commercialized flue gas treatment technologies. The control efficiency of an SCR device can be well above 85% with proper design and operation. The NO. in flue gas is removed by the injection of ammonia (NH 3 ). The NH 3 and NO. gaseous molecules react in a heterogeneous catalytic reactor, and nontoxic N 2 and H 2 0 gases are formed during the catalytic reaction. For commercial applications, catalysts are used as monolithic materials with honeycomb structures or in parallel-plate geometry (Boer et al. 1990 ). The catalysts used are Ti-W-V based oxides or zeolite-based systems. Marangozis (1992) evaluated the intrinsic rate of 27 catalysts and indicated that the best catalysts appear to be those containing V 2 0 5 spported by Ti0 2 or A1 2 0 3 • The performance of V205-Ti0 2 based catalysts does not necessarily correlate to their V205 content. On the other hand, Svachula et al. (1993) evaluated the performance of commercialized catalysts. They found that the activity of catalysts increases when the V205 content is increased. Cho (1994) discussed operating parameters that affect the performance of an SCR system. NO. removal depends on the amount of injected NH 3 , the type of catalysts, the residence time of the gas in the reactor, and the specific surface area of the catalysts. Cho (1994) indicated that increasing the ammonia injection quantity leads to better SCR performance. This phenomeonon has been seen in the literature for NH/NO inlet molar ratio (a) of less than 1. But experimental studies also revealed that for a === I, the NH 3 concentration has almost no effect on the NO removal (Lefers et al. 1991; Beeckman and Hegedus 1991; Svachula et al. 1993) .
There are several theoretical models discussed on the SCR performance. Buzanowski and Yang (1990) presented theoretical and experimental results for the SCR system. The results showed that external diffusion limitation was minimal in their 'Assoc. Prof., Inst. of Envir. Engrg., Nat. Chiao-Tung Univ., 75, PoAi St., 30039, Taiwan. 2Grad. Student, Inst. of Envir. Engrg., Nat. Chiao-Tung Univ., 75, PoAi St., Hsin-Chu, 30039, Taiwan.
Note. Associate Editor: Lynn Hildemann. Discussion open until October I, 1997. To extend the closing date one month, a written request must be filed with the ASCE Manager of Journals. The manuscript for this paper was submitted for review and possible publication on May 7, 1996. This paper is part of the Journal of Environmental Engineering, Vol. 123, No.5, May, 1997 study. However, the channel pitch they employed is too narrow to be applied to a commercial SCR device. Therefore, the question remains as to whether external diffusion limitation is negligible in a real SCR system. Beeckman and Hegedus (1991) employed a one-dimensional (1D) lumped parameter model for the SCR design. They used a mass transer coefficient to represent the flow characteristics and the chemiCal kinetics in the SCR system. Their model accounted for external diffusion in the gas phase and intraphase diffusional phenomena. However, the adequacy of the ID model was not addressed in their study. Later on Tronconi and Forzatti (1992) discussed the adequacy of lumped parameter models. They indicated that maximum error was found at Damkohler numbers of around 1. The Damkohler number in a real SCR system is usually on the order of unity.
Commercialized SCR catalysts are usually demonstrated at different operation conditions. This leads to a problem in the comparison and selection of catalysts with high SCR performance. The purpose of this study is to present a theoretical analysis to assist in the selection of SCR catalysts. A twodimensional (2D) diffusion equation is employed, which accounts for simultaneous effects of external diffusion and chemical kinetic limitations in the SCR process. The 2D model has the advantage of minimizing uncertain design parameters (for example, the mass transer coefficient and the effective diffusion coefficient) for the SCR system as compared to the ID lumped parameter model. A comparison of different catalysts is also made in terms of the NO conversion rate.
THEORY

Physical and Chemical Mechanisms of SCR Process
In the SCR process the NO. species are reduced by injection of NH3 , ultimately to N 2 gas, over a heterogeneous catalyst in the presence of O2. Possible reactions in the SCR process are (Cho 1994) 
All possible reactions yield nontoxic N 2 and H 2 0 gaseous molecules. The results of SCR performance tests in actual applications indicated that the reaction represented by (1) is the dominant reaction. Therefore, only reaction (1) is considered in this study during model development. (9) az* -ax*2 ay*2
U az* D NO ax*2 ay*2
Since the entrance length is much shorter than the length of a catalyst layer (Lefers et al. 1991) , the velocity profile is usually assumed to be fully developed in the SCR system. The fully developed velocity profile in a square duct is obtained from Shah and London (1978) u* = 2.0962(1 -X 22 )(1 -y22) (11) The initial condition is set at the inlet of the SCR system such that (6) The SCR reaction is a heterogeneous catalytic reaction that can be represented by six diffusion and reaction steps: (1) the NO and NH 3 reagents diffuse to the catalytic wall; (2) the reagents diffuse into the intraparticle surface of the catalyst via pore diffusion; (3) the reagents are adsorbed onto the catalytic surface; (4) the chemical reaction occurs on the catalytic surface; (5) the reaction product is desorbed from the intraparticle surface; and (6) the reaction product diffuses from the catalytic surface to the main flue gas stream.
It is seen that steps 1, 2, and 6 are physical diffusion processes, while steps 3, 4, and 5 are related to surface chemical reaction processes. The NO x removing rate by the SCR process may be controlled by one or more of the previously mentioned steps. In this study, the six steps of diffusion and chemical reactions are reduced to three steps by using an overall effective rate for steps 2-5. The external diffusion effect in the bulk gas and the effective chemical reaction at the catalytic wall are distinguished by this approach.
Model Assumptions
The following assumptions are made in developing a mathematic model to predict the system performance of an SCR process:
Adsorption and Chemical Behaviors on Catalytic Surfaces
• A monolithic shape catalyst with a honeycomb support is used in the model study.
• Constant fluid properties, i.e., the fluid density and diffusion coefficients of the reagents are constants at a given temperature and pressure.
• Conditions are isothermal in the system.
• There is negligible axial diffusion as compared to the convection term in the axial main flow direction.
• There is steady-state operation of the SCR system.
• Irreversible first-order kinetics are applied with respect to NO concentration at the catalytic wall.
A Rideal model is the usual assumption for a heterogeneous catalytic reaction in the SCR system (Tronconi and Forzatti 1992; Beeckman and Hegedus 1991) . That is, NH 3 molecules are selectively adsorbed onto the catalytic surface, then NO molecules react with the NH 3 molecules. This is a valid assumption for flue gas concentrations of H 2 0 and O2 of greater than 5 and 2%, respectively (Svachula et al. 1993) . The reaction rate of NO, R NO ' is expressed as and
Model Development
A schematic diagram of the SCR model is shown in Fig. 1 . The geometry of the catalytic support is made of square ducts.
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where C NO and C NH , = NO and NH 3 gas concentations, respectively; 6 NH , = fractional surface coverage of ammonia adsorbed on the active sites of the catalyst; K NH , = adsorption constant of NH 3 gas; K NH , = dimensionless adsorption constant, which is defined as Ki!iH, =KNH,C~O; and Kc =effective rate constant. The value of K c represents the overall rate from steps 2 to 5 as discussed in the previous section. Therefore, it is a combined effect of intrinsic chemical kinetic and intraparticle (pore) diffusion in the monolithic catalyst.
where the boundary conditions are that the reagent concentrations are symmetric at the centerline of the square duct; and the depositon flux is controlled by the effective rate of catalytic reaction between NO and NH 3 on the catalytic surface (12) Ct =1 at z* =0, Buzanowski and Yang (1990 evaluated. Fig. 3 shows a comparison of NO removal efficiency using fully developed laminar flow profile and plug flow profile. One can see that these two curves are in reasonable agreement. The maximum deviation, using these two flow profiles, is around 5% in terms of the NO conversion rate. In most practical applications of the SCR system, the flow pattern appears to be fully developed laminar flow. However, depending on the degree of accuracy desired in the SCR design, it may also be applicable using the plug flow profile for the sake of simplicity. 
Estimation of Kinetic and Adsorption Constants
The experimental data of Buzanowski and Yang (1990) , Beeckman and Hegedus (1991) , and Lefers et al. (1991) , as well as data taken from a local SCR study (Weng 1996) were chosen for comparison in the model study. The operation conditions of each experimental study are listed in Table 1 . For a total of five V20~-Ti0 2 based catalysts evaluated in this study, only three (catalysts AI, A2, and B) reported their V20~con-tents. The manufacturing procedures of catalysts A 1 and A2 are the same.
There are two unknown parameters: the effective rate constant (KC> and the NH 3 adsorption constant (KNHJ They can be determined by fitting the laboratory data with model simulations. Using the least-squares method, the values of K c and KNH, were obtained for each operation temperature. The relative square of errors (S2) between the model simulations and experimental data of NO conversion are less than 5 X 10- 
where Da; (=K c d h I2D;) = Damkohler number for species i;
and RrJo (=RNO/KcC~o) = dimensionless reaction rate for NO. Using the forward-time and centered-space (FfCS) finite-difference method, (9) and (10) become 2D in space in terms of the numerical method. Provided that the characteristics of the SCR catalyst are known, (9) and (10) can be solved simultaneously and the NO and NH 3 concentration profiles in any location of the SCR system can be obtained readily.
RESULTS AND ANALYSIS
Sensitivity Analysis
Since the FfCS method is an explicit finite-difference method, it may suffer from a stability problem if the numerical step sizes are not chosen properly. The stability analysis requires that .1Z*/(.1X*.1Y*U*) < 0.5 to ensure the convergence of the solution, and it was satisfied in the model results. In addition, sensitivity analysis was conducted to obtain the step sizes for consistent results. The results are shown in Figs. 2(a) and 2(b). For fixing values ofax* and 8Y* at 0.1, the step size requirement of (az*/U*) is to be less than or equal to 11400 for a consistent output. For fixing the value of (az*/U*) at 111,500, the output, using step size ofax* = .1Y* = 0.1, has a maximum deviation of 0.55% as compared to that using ax* = .1Y* = 0.05. In the following model analysis, the numerical step sizes ofax* and .1Y* are set equal at 0.1, while the step size of (az*/U*) is set at 111,500.
The effect of flow pattern on the model solution is also temperatures were then regressed using the adsorption equation and Arrhenius equation After the determination of the values of K c and K NH , for a given type of catalyst, predictions of the SCR performance are possible. Fig. 5 shows the effect of inlet NH/NO molar ratio on NO conversion. The symbols are experimental performanl;e data of catalysts Band C, and the lines are the prediction results. The operation conditions for catalyst B were: C~o = 1,000 ppm; gas hourly space velocity (GHSV) = 12,000 h-1 (STP); and T =341°C. For catalyst C, the operation conditions were: C~o = 425 ppm; GHSV =28,813 h-' (NTP); and T = 350°C. One can see for a values of less than around 0.8, the NO conversion increases rapidly as the value of a increases. But NO conversion is almost independent of the inlet concentration of NH 3 as a continues to increase. This can be explained by the fact that the NH 3 inlet concentration only affects the value of 8 NH , as it appeared in (7). Increasing the value of a so that it is greater than around 1.0 may lead the value of 8 NH , to approach its asymptotic value of 1.0. After that, the NHrNO reaction in the SCR system becomes zero order with respect to NH 3 • Therefore, an increase in the NH/NO injection ratio that is greater than 1.0 only results in an ammonia slip problem. Fig. 6 depicts the prediction of NO conversion as a function (17) (18) Table 2 . The correlation coefficients (r 2 ) for the regression analysis are . ., --.., .,--. ate to compare the performance of these two catalysts by observation of Fig. 7 .
----------------------,
To evaluate the performance of SCR catalysts used in this study, their NO conversion rates, as a function of temperature, are predicted under the same operation conditions. The results are shown in Fig. 8 . The associated values of K c, KNH" and the dimensionless parameters (K~H, and Da) are listed in Table  3 . In Fig. 8 , the operation conditions are at a temperature of 350°C; GHSV = 7,000 h-1 (NTP); C~o = 1,000 ppm; NH/ NO inlet ratio = 1.0; and channel pitch =0.6 cm. One can see in Fig. 8 that the performance of catalyst D appears to be the best, while catalyst Al (whose V 2 0, content was 1.0%) has the lowest NO removal rate. After increasing the V20, content to 3.45%, the performance of catalyst A2 is greatly increased. If one compares the SCR performance results to the data listed in Table 3 , it is found that the SCR performance is affected by the effective rate constant (Ke) rather than by the NH 3 adsorption ability. The performance of catalyst A2 is slightly better than catalysts B and C, since it has a relatively higher value of K c . However, it must also be noted that the V20, content in catalyst B, 0.8%, is lower than catalysts Al and A2. But the performance of catalyst B is better than that of catalyst A I. Therefore, V20, content is not the only reason for limiting SCR performance. Since increasing the V 2 0, content may lead to the deterioration of the SCR poisoning problem caused by catalytic reaction of NH 3 with S02, a catalyst with low V20, GHSV (h-) 0.80 L.w.u.u.uJ.J.u.u.u.u.llU.u.u..u.u..u.u.u.u..u.u.u.u..u.u..u.u.u.u.u.u.u.u 
of the space velocity GHSV as compared to the performance data of catalysts A I and A2. Typical operation range of space velocity in the SCR system is 3,000-7,000 h-1 (Turner 1993 ). The operation conditions for catalysts Al and A2 were: C~o = 1,000 ppm; T = 300°C, and a = 1.0. Increasing the space velocity above this range usually yields a significant reduction in the NO conversion as seen in Fig. 6 . The performance of catalyst A2 is better than catalyst A I under the same space velocity, since catalyst A2 has a higher V20~content. Fig. 7 shows the comparison of experimental data of catalysts Band D with model predictions on the NO conversion as a function of temperature. The operation conditions for catalyst B were: C~o = 1,000 ppm; GHSV = 8,600 h-1 (STP); and a = 1.0. For catalyst D, the operation conditions were: C~o = 600 ppm, GHSV = 22,500 h-1 (NTP); and a = 1.0. It is seen that the NO conversion of catalyst D is higher than catalyst B. It must be noted that these two experimental tests were conducted under different operation conditions. For example, the channel pitch for catalyst B was 0.6 cm, while it was 0.29 cm for catalyst D. Increasing the channel pitch tends to yield a decrease in NO conversion due to external diffusion limitation. Besides, the space velocities of these two catalysts' performance data were different. Therefore, it is not appropri-content «2%) is usually used in an SCR application. However, if the manufacture procedure of catalysts Al and A2 can be improved, their SCR performance may be greatly increased.
The dimensionless adsorption constant (K~H,) is a measure of the catalyst's ability to adsorb NH 3 on the V20~active sites. Values of K~H, are given in Table 3 for NO concentrations of 1,000 ppm. The corresponding values of e NH , at a = I are also given. One can see that catalyst D has the highest value of K~H, and its value of e NH , at a =1 approaches the asymptotic value of 1.0. As a result, the performance of catalyst D is not affected by a for a > 1.0 as seen in Fig. 8 . On the other hand, catalyst A 1 has the lowest value of e NH , at a = 1, and, therefore, increasing the value of a after a > 1.0 slightly increases the NO conversion.
CONCLUSION
A theoretical analysis of the SCR system to improve the NO conversion was presented. A 2D numerical model was developed, which accounts for both the external diffusion limitation and the chemical kinetic limitation in the SCR process. The adsorption equation and the Arrhenius equation for determining the adsorption constant and the effective rate constant were obtained by a regression analysis for a given type of catalyst. The model results of NO conversion were then compared with experimental observations and good agreements were obtained. The analysis presented in this study can be used to select catalysts and to determine strategies that affect catalyst performance. The results revealed that the manufacturing procedure of V20~-Ti02 based catalysts is another important consideration in the determination of NO removal rates besides the V20~content.
